Introduction
Biological fuels, such as bioethanol, now play an increasingly important roles in the world economy because of the limited quantity of gasoline and other fossil fuels. Bioethanol is usually produced by fermenting/distilling biomass, such as corn or sugarcane. To enable wider and more efficient use of bioethanol, the issue of quality control must be addressed. 1, 2, 13, 15, 16 In general, water and ethanol are completely miscible; therefore, water is included as an impurity in bioethanol during the manufacturing process. This makes the analysis of water content in bioethanol an important technique for controlling the bioethanol purity. In addition, the organic chemicals and pharmaceutical industries also require quality control of the ethanol used in their manufacturing processes. Currently, methods based on Karl Fisher titration are commonly used for determining the water content in an organic solution. For example, coulometric titration, which is one of the Karl Fischer methods, is based on indirect quantification of the water concentration through adding the sample to an electrolytic solution containing a Karl Fischer reagent. Unfortunately, these methods involve slow processing, and a lack of suitability for in-line monitoring, thus motivating the search for a simpler technique.
In an alternative approach, the water content in an organic solution could be measured directly by detecting hydrogen ions in the solution by using a pH sensor. Although pH sensing is primarily used for aqueous solutions, there are important applications of this approach for mixed aqueous/nonaqueous solutions (e.g., alcohol/acetone) or for nonaqueous solutions (e.g., paints, petroleum products, oils), especially, for quality control of the manufacturing process products. A glass electrode, a de-facto standard pH sensor, is widely used not only in laboratory experiments, but also in manufacturing processes. Although the de-facto standard glass electrode is used for pH sensing in the mixed aqueous/nonaqueous or nonaqueous solutions, the use of this method can be challenging due to such problems as unstable reading, drift, and measurement error. 3 Most importantly, from a practical viewpoint, the long response time is a critical problem with over 30 min required to achieve output stability in some cases. 3 To solve this problem, a siliconbased ion-sensitive field-effect transistor (Si-ISFET) was used. The ISFET is a sensitive/reliable device by which the charge distribution can be detected. Although Si-ISFETs with tantalum pentoxide (Ta2O5) and silicon nitride (Si3N4) show good response compared to the glass-type pH sensor, they still require over 30 s for obtaining a stable output. Recently, we have reported a no-gate-insulator electrolyte-solution-gate field-effect transistor (SGFET) with a single-crystal diamond surface-channel, [5] [6] [7] [8] with a polycrystalline diamond surface-channel, and with a borondoped diamond surface-channel, [9] [10] [11] and have fabricated oxygenterminated and nitrogen-terminated diamond SGFETs with good pH sensitivity.
In this work, we have realized for the first time, to the best of our knowledge, a polycrystalline boron-doped-diamond (BDD)-SGFET for use in a nonaqueous solution, and have demonstrated its application to the rapid/accurate measurement of water content in ethanol. A polycrystalline diamond electrolyte-solution-gate field-effect transistor (BDD-SGFET) was successfully applied to the analysis of water content in ethanol. Due to the use of a no-gate-insulator FET, the developed sensor showed a fourtimes-faster response than the conventional Si-FET, and a ten-times-faster response than a glass electrode. The output voltage showed good linearity with respect to the water content. This result is of practical importance because the traditional water content measurement methods are impractical due to their slow response.
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Experimental
SGFET fabrication
A polycrystalline diamond SGFET with a partially oxygenterminated boron-doped diamond channel was fabricated following the protocol described in our previous reports. 9, 10 A CVD (chemical vapor deposition)-synthesized polycrystalline diamond substrate with dimensions of 10 × 10 mm and 0.5 mm thickness was purchased from a Japanese company. The typical specification of diamond is described in our previous work. 12 To fabricate the boron-doped diamond layers, 10-mm-square polycrystalline diamond substrates were deposited using a quartz-type microwave CVD reactor. The typical conditions were the same as described in our previous report. 9 For evaluating the BDD film, a Model Resi-Test 8300 AC Hall analyzer (Toyo Technica Co.) was used with the van der Pauw method. Two Ti-Au contact pads (20 nm/100 nm) were deposited as the drain and source electrodes on the hydrogenterminated BDD surface, and were patterned by lift-off photolithography using the same process as in our previous work. 9, 10 The contact pads were positioned to obtain a channel width and length of 0.4 and 9 mm, respectively, and electric wires were connected to the source/drain pads with a conductive adhesive for applying the external bias. Then, the source/drain electrodes were encapsulated with nonconductive epoxy resin in order to protect them from the solution so that only the area of the boron-doped diamond channel surface between the pads would be exposed to the solution. The developed polycrystalline BDD-SGFET is schematically shown in Fig. 1 . To improve the sensitivity, the direct-wetted diamond surface used as the FET channel was modified to the partially oxygen-terminated BDD surface through the application of ultraviolet irradiation in an oxygen atmosphere in a chamber.
Measuring system for the characterization of FET
The contacts between the lead and the FET chip were protected from the solution. An ISFET pH-mV meter (Fuso Seisakusho) and a lab-made ISFET pH-mV meter suitable for the N-and P-channels, respectively, were used to measure the FET sourcegate voltage corresponding to the solution pH. The potential output voltage was read using the source follower circuit. Processing/data acquisition were performed using Model LabView 2010 software (National Instruments) in order to maintain a constant drain current by applying a compensating gate-source voltage Vgs. The gate-source voltage was applied using a commercial electrochemistry silver/silver chloride (Ag/ AgCl) reference electrode. All SGFET I -V measurements were performed at room temperature, and all chemicals for the buffer solutions were reagent-grade products obtained from Wako, Tokyo Kasei and Kanto Kagaku.
Results and Discussion
Characteristics of the output of the polycrystalline BDD-SGFET for the water content analysis
The ions around the FET channel in solution modulate the surface potential of an FET channel. The sensitivity is defined as the charge in the surface potential that links to the change in the drain current (Id), which is indicated by the rate of the draincurrent decrease/increase due to a difference in gate potential difference, as follows:
where m, W, L, Cg, and gm are the carrier mobility, gate width, gate length, gate capacitance, and transconductance. The detection model of ISFET can be analyzed by using a simplified equivalent circuit. The charge modulation caused by ions has an influence on two capacitors in an equivalent circuit: electric double-layer capacitance density (Cdl) of typically 1 -5 μF/cm 2 and a solid capacitance density (Ci). The Ci is composed of two series capacitors, a gate insulator capacitor and a channel capacitor, so that the no-gate-insulator could possess an advantage, as compared with the conventional Si-ISFET. The BDD-SGFET response was compared to those of the glass electrode (Horiba) and the commercialized n-channel-type depletion Si-ISFET chip 4 (ISFET COM Co. Ltd.) with the Ta2O5/Si3N4/SiO2 gate insulator. The thicknesses of the Ta2O5, Si3N4 and SiO2 layers of Si-ISFET were 100, 100, and 50 nm, respectively.
4 Figures 2 and 3 show the characteristics of the output voltage of the polycrystalline BDD-SGFET compared to those of a glass electrode and a silicon-based ion-sensitive fieldeffect transistor (Si-ISFET). Figure 3 shows part of Fig. 2 in the 0 -60 s time range. The Vds and Ids values for BDD-SGFET were 0.5 V and 5 μA/mm, respectively, to obtain Vgs of a digit of -0.5 V; The Vds and Ids for Si-SGFET were 2 V and 5 μA/mm, respectively. The output delta voltage value was recorded with the initial output set to zero. Because initialization of the FET surface, which is connected to the output, may still be some challenging problems, the output delta voltage was used in this work. The specification of the boron-doped diamond film of BDD SGFET used in this study was same as our previous study. 9 By an AC Hall measurement, the sheet carrier density, mobility, and sheet resistance of the BDD film before oxygen treatment were 3.8 × 10 13 /cm 2 , 8.5 cm 2 /Vs, and 22 kΩ/square, respectively. When the solvent in which the BDD-SGFET, the Si-ISFET, and glass electrode were immersed was varied from a pH 7 buffer solution to a 10% ethanol solution, the BDD-SGFET achieved good stability within less than 9 s, whereas the Si-ISFET and glass electrode required over 40 s and over 10 min, respectively. In the case of the glass electrode, a hydrated gel layer on the surface of the glass electrode was generated on the surface of the sensitive glass membrane, thereby forming a silanol-ion-exchange site. The formation of a hydrogen concentration gradient generates a potential difference, enabling a measurement of the pH in solution. Nevertheless, a certain amount of water was necessary to form a hydrated gel layer on the surface of the sensitive glass membrane. After the glass electrode was immersed in ethanol, the hydrated gel layer was dehydrated. This destabilized the ion-exchange site and degraded the response and stability of the pH glass electrode. Furthermore, a sufficient response speed was not obtained for the pH glass electrode because the hydrated glass layer of the pH glass electrode was relatively thick. Since a polar organic solution exhibits slight hydrogen dissociation, the water content in an organic solution is higher for a given dissociation constant than for the polar organic solvent. Thus, the FET could evaluate the water content accurately by measuring the hydrogen ion concentration in ethanol. In the case of Si-FETs, the obtained hydrated gel layer was thick compared to that for the glass electrode, so that the hydrated gel layer was generated, even by a small amount of water, enabling the achievement of stability within 40 s. In the case of using BDD-SGFET, its characteristic no-gate-insulator possessed a four-times-faster response and a 10-times-faster response compared to the Si-ISFET with the gate-insulator and the glass electrode, respectively. The response speed is classified into two kinds of factors. The first is a short response; the second is a long response. A main reason for the long-term response is a phenomenon due to a change in the FET interface state, which depends on the FET material (in particular, the material on the wetted surface). The response to the change in water content in the organic solvent is a long-time response. Therefore, the diamond SGFET with no gate insulating film is faster than the response speed of Si-ISFET with a gate insulating film. Figure 4 shows the performance of the BDD-SGFET used for measuring of the water content in ethanol in comparison with the conventional Si-ISFET. Though the output of Si-ISFET shows less linearity, the BDD-SGFET output delta voltage shows good linearity with the water content for the output voltage of water (pH 7) set to zero. The dissociation constants of ethanol and water at 25 C are 10 -19.1 and 10 -14 , respectively. The equivalent point of the ethanol was calculated as ca. 10, whereas that for the pure water is ca. 7, so that the BDD-SGFET output voltage in ethanol was offset to the alkali side with respect to that of pure water. After adding pure water to ethanol, the hydrogen ion concentration shifted to the acidic side with respect to ethanol, and the BDD-SGFET evaluated the water content with good accuracy, as shown by R 2 = 0.98. The obtained results in this work are of practical importance because the traditional methods for water content measurements in ethanol are impractical due to the slow response and unsuitability for in-line monitoring. We believe that the developed BDD SGFET sensing method in a nonaqueous solution will find application for determining the water content in ethanol in biofuel, organic chemicals, and pharmaceutical industries.
Characteristics of BDD-SGFET used for the measurement of the water content in ethanol
